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Generate vertex-centric indices for a graph database

Identity abstract paths in the graph database 304

Assign one or more vertices to nodes according to
1dentified abstract paths between the vertices
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FIG. 3
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402

Receive database query samples

Based on the received database queries, 1dentify traversal 404
patterns

Identify common patterns in the traversal patterns and
1dentify abstract path patterns based on the 1dentified
common patterns

Assign weights to the 1dentified abstract path patterns

Utilize the abstract path patterns and their associated
weight values to 1dentify abstract paths in the graph
database

FIG. 4
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502

Receive an 1dentitication of a new vertex to be added

For each potential node that could be assigned the new
vertex, calculate a total weight value of all abstract paths 504
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Based on the calculated total weight value calculated for 506
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Partition a portion of the detected super-vertex to one or 204

more vertex representatives assigned to one or more
remote nodes
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GRAPH DATABASE SUPER VERTEX
PARTITIONING

CROSS REFERENCE TO OTHER
APPLICATIONS

This application 1s a continuation of co-pending U.S.
patent application Ser. No. 15/214,312 entitled GRAPH

DATABASE SUPER VERTEX PARTITIONING filed Jul.
19, 2016 which 1s incorporated herein by reference for all
purposes.

BACKGROUND OF THE INVENTION

In computing, a graph database uses graph structures with
vertices, edges, and associated properties to represent and
store data. A graph database provides index-iree adjacency.
Every element contains a direct pointer to its adjacent
clements and no index lookups are necessary. Compared
with relational databases, graph databases are often faster for
associative data sets, and map more directly to the structure
ol object-oniented applications. As they depend less on a
rigid schema, they are more suitable to manage ad hoc and
changing data with evolving schemas.

However, traditional computer architecture requires data
to be stored and accessed 1in sequential order. In order to map
the multi-dimensional data of the graph data to the limited
dimensionality of existing computer architecture, tradeoils
have to be made with respect to data locality and perfor-
mance. Additionally, as the graph database becomes larger,
it becomes ineflicient and often impractical to store the
database on a single storage/machine. Efficiently and eflec-
tively dividing up graph data for storage in different loca-
tions becomes important.

BRIEF DESCRIPTION OF THE DRAWINGS

Various embodiments of the mnvention are disclosed 1n the
tollowing detailed description and the accompanying draw-
Ings.

FIG. 1A 1s a diagram 1illustrating an example graph data
model.

FIG. 1B 1s a diagram identifying a portion of graph 100
of FIG. 1A.

FIG. 1C 1s a diagram 1illustrating another example graph
data model.

FIG. 1D 1s a diagram 1illustrating an example graph 120
showing abstract paths and associated weight values that
have been 1dentified for graph 100 shown in FIG. 1A.

FIG. 1E 1s a diagram 1illustrating an example of adding a
new vertex. Graph 122 shows a graph that has been distrib-
uted among two nodes.

FIG. 2 1s a block diagram illustrating an embodiment of
a graph database deployment environment.

FIG. 3 1s a flowchart illustrating an embodiment of a
process for partitioning a graph database.

FIG. 4 1s a flowchart illustrating an embodiment of a
process for applying an identified abstract path pattern to a
graph database.

FIG. 5 1s a flowchart illustrating an embodiment of a
process for adding a new vertex to a graph database.

FIG. 6 1s a flowchart illustrating an embodiment of a
process for determining a weight value of an abstract path to
be used to determine graph partitioning.

FIG. 7 1s a flowchart illustrating an embodiment of a
process for splitting a super-vertex.
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2

FIG. 8 1s a flowchart illustrating an embodiment of a
process for processing a query associated with a super-

vertex at a node of the super-vertex.

DETAILED DESCRIPTION

The mvention can be implemented 1n numerous ways,
including as a process; an apparatus; a system; a composi-
tion of matter; a computer program product embodied on a
computer readable storage medium; and/or a processor, such
as a processor configured to execute instructions stored on
and/or provided by a memory coupled to the processor. In
this specification, these implementations, or any other form
that the invention may take, may be referred to as tech-
niques. In general, the order of the steps of disclosed
processes may be altered within the scope of the invention.
Unless stated otherwise, a component such as a processor or
a memory described as being configured to perform a task
may be implemented as a general component that 1s tem-
porarily configured to perform the task at a given time or a
specific component that 1s manufactured to perform the task.
As used herein, the term ‘processor’ refers to one or more
devices, circuits, and/or processing cores configured to
process data, such as computer program instructions.

A detailed description of one or more embodiments of the
invention 1s provided below along with accompanying fig-
ures that illustrate the principles of the invention. The
invention 1s described 1n connection with such embodi-
ments, but the invention 1s not limited to any embodiment.
The scope of the invention 1s limited only by the claims and
the mmvention encompasses numerous alternatives, modifi-
cations and equivalents. Numerous specific details are set
forth 1n the following description 1 order to provide a
thorough understanding of the invention. These details are
provided for the purpose of example and the invention may
be practiced according to the claims without some or all of
these specific details. For the purpose of clarity, technical
material that 1s known 1n the technical fields related to the
invention has not been described 1n detail so that the
invention 1s not unnecessarily obscured.

Graph data may be used to model pairwise relations
between objects. For example, a graph includes vertices
(e.g., objects) and edges (e.g., lines) connecting the vertices
with relationships. An edge may be undirected (e.g., no
distinction between two vertices connected by an edge) or
directed from one vertex to another vertex. Properties may
be associated with a vertex or an edge. For example, any
number of pairwise key value pairs may be associated with
a vertex or an edge as a property of the vertex/edge to
identify data about the associated vertex/edge.

FIG. 1A 1s a diagram 1illustrating an example graph data
model. FIG. 1A shows graph 100 that includes vertices and
edges and associated labels, 1dentifiers, and properties. FIG.
1B 1s a diagram 1dentifying a portion of graph 100 of FIG.
1A. FIG. 1B shows graph portion 102 of graph 100 of FIG.
1A. As shown 1n this example graph data model, a vertex 1s
connected to another vertex via an incoming/outgoing edge.
The directed edge has a tail vertex and a head vertex. For an
undirected edge, the edge connects two member vertices
without a specified directionality. As shown in FIGS. 1A and
1B, each vertex may include one or more of the following
clements: a label identifying the vertex, an assigned identi-
fier that uniquely 1dentifies the vertex, a set of one or more
incoming edges, a set of one or more outgoing edges, a set
of one or more undirected edges, and a set of one or more
properties (e.g., key-value pairs) about the vertex. Each edge
may include one or more of the following elements: a label
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identifving the edge, an assigned identifier that uniquely
identifies the edge, an outgoing tail vertex, an incoming head
vertex, a pair of undirected vertices, and a set of one or more
properties (e.g., key-value pairs) about the edge. FIG. 1C 1s
a diagram 1llustrating another example graph data model.
The property graph model 110 describes the relationships
between the beings and places of a Roman pantheon. Special
text and symbol modifiers 1n the diagram (e.g., bold, under-
lined, etc.) denote different schematics/typings in the graph.

Partitioming a graph database i1s disclosed. In some
embodiments, vertices of the graph database are each
assigned to nodes (e.g., processing servers that will store
data of the vertex and/or handle query processing for the
vertex) according to abstract paths between the vertices. For
example, abstract paths indicate relationships between ver-
tices for purposes ol graph partitioming and are different
from edges connecting vertices. Fach abstract path 1s
weighted based on a likelthood of a query following/tra-
versing the abstract path. For example, based on a specifi-
cation from an administrator and/or query examples, relative
frequency of common types of traversal paths of the graph
database are i1dentified. Instances of these common types of
traversal paths are identified 1n the graph database as
abstract paths and associated weights are assigned. The
vertices of the graph database are assigned to nodes accord-
ing to the abstract paths and their weights.

In some embodiments, one or more vertices of the graph
database are designated as a super-vertex. For example, a
vertex that 1s connected to a large number of edges and/or
other vertices 1s a super-vertex. A vertex may be i1dentified
as a super-vertex if the number of edges and/or connected
vertices 1s greater than a threshold value. Identifying a
super-vertex may be ol importance because storing and
processing the super-vertex using a single node may not be
possible or may be inetlicient. For example, continually
searching through all edges of the super-vertex to find
desired data may take a long time using only a single node
assigned to the super-vertex. In some embodiments, a super-
vertex 1s split into a truncated vertex and a plurality of vertex
representatives. For example, rather than storing and pro-
cessing the entire super-vertex only at a single node, a
portion of data for the super-vertex 1s separated from the
main node and assigned/stored as a vertex representative for
one or more other nodes. In some embodiments, edges of the
super-vertex that are directed from other vertices to the
super-vertex are to be separated into vertex representatives
to be stored/assigned to other nodes while edges that are
directed away from the super-vertex are still stored/assigned
to the main node of the super-vertex.

In some embodiments, each vertex representative stored
at a storage of a node includes data associated with edges of
interest between other vertices assigned to the node and the
super-vertex partly 1s represented by the vertex representa-
tive. For example, a vertex representative includes a direc-
tory of edges directed from vertices assigned to a remote
node (e.g., not the main node of the super-vertex) to the
super-vertex. This may allow the remote node to quickly
determine all vertices of the remote node connected to the
super-vertex. Additionally, when performing processing
with respect to all vertices connected to the super-vertex, the
processing may be distributed and processed amongst all the
nodes storing the respective vertex representatives and the
results of the nodes may be aggregated to determine the
overall result.

FIG. 2 1s a block diagram illustrating an embodiment of
a graph database deployment environment. Node cluster
202, node cluster 204, management server 206, user device
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4

208, and application server 210 are connected together via
network 212. User device 208 may be any computer of a
user such as a laptop, a desktop, a tablet, a smartphone, a
wearable device, etc. Application server 210 provides one or
more applications and/or services (e.g., SaaS) to user device
208. The applications and/or services provided by applica-
tion server 210 may access a node of node cluster 202 and/or
a node of node cluster 204 to obtain and/or process data
stored 1n a graph database. For example, application server
210 provides a database query to a node of a node cluster to
obtain graph data desired by an application. In some
embodiments, user device 208 directly accesses a node of
node cluster 202 and/or a node of node cluster 204 to obtain
desired graph data.

Node cluster 202 and node cluster 204 each include one
or more nodes. These nodes store and/or process graph
database data. Each node may include a computer/server
and/or storage. Rather than storing an entire copy of the
graph database on a single storage node and processing the
graph database queries on a single server, the storage and
processing are distributed among the nodes. Each node
stores a portion of the graph database and multiple copies of
the data of the graph database are distributed across a
plurality of nodes to enable fault tolerance and load balanc-
ing. In some embodiments, typically a vertex 1s assigned to
a single node. However, a vertex designated as a super-
vertex 1s assigned to a main node of the super-vertex and a
portion of data of the super-vertex relevant to other nodes 1s
split and assigned to nodes other than the main node as a
vertex representative of the super-vertex. Node cluster 202
and node cluster 204 may be physically located 1n different
geographical regions to reduce the average physical distance
between a user of the database and 1its closest node. In some
embodiments, each node may be dynamically assigned one
or more functions including real-time analytics and search
processing. The division of a graph database may be opti-
mized to enable eflicient storage and/or load balancing
amongst the nodes. In some embodiments, each of one or
more super vertices 1s split amongst a plurality of nodes.

In some embodiments, node cluster 202 and/or 204 pro-
vides a graph database using a NoSQL database platiorm.
For example, node cluster 202 and/or 204 includes Apache
Cassandra nodes. By utilizing the Apache Cassandra data-
base to store graph data, linear scalability and high fault-
tolerance may be achieved. For example, data may be
replicated real-time to different nodes and data centers. In
some embodiments, node cluster 202 and/or 204 i1ncludes
Apache Solr nodes that provide a search platform for the
graph data. In some embodiments, node cluster 202 and/or
204 includes Apache Hadoop nodes. In some embodiments,
node cluster 202 and/or 204 includes Apache Spark nodes
for data processing. In some embodiments, node cluster 202
and/or 204 includes Apache HBase nodes that store the
graph database data. In various embodiments, node cluster
202 and/or 204 includes one or more of the following types
of nodes that store the graph database data: Oracle NoSQL,
MongoDB, Redis, Memcached, and DynamoDB. In various
embodiments, various different types ol databases may be
utilized to store graph data to form the graph database.

Management server 206 may allow a network adminis-
trator to monitor, configure, and manage node clusters 202
and/or 204. For example, performance metrics, errors, sys-
tem status, configuration tools, automation tools, and other
node cluster functions are provided via a web-based visual
interface provided by management server 206.

Examples of network 212 include one or more of the
following: a direct or indirect physical communication con-
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nection, a mobile communication network, a wireless net-
work, Internet, intranet, L.ocal Area Network, Wide Area
Network, Storage Area Network, and any other form of
connecting two or more systems, components, or storage
devices together. Other communication paths may exist and
the example of FIG. 2 has been simplified to illustrate the
example clearly. Although limited instances of the compo-
nents shown 1 FIG. 2 have been shown to simplify the
diagram, additional instances of any of the components
shown in FIG. 2 may exist. For example, a plurality of
different client devices accesses a plurality of different
application servers that utilize node clusters 202 and/or 204.
Any number of node clusters may exist. Components not
shown 1n FIG. 2 may also exist to provide a graph database.

FIG. 3 1s a flowchart illustrating an embodiment of a
process for partitioning a graph database. The process of
FIG. 3 may be implemented on one or more nodes of node
cluster 202 and/or node cluster 204.

At 302, vertex-centric indices for a graph database are
generated. Graph database queries are often formed from the
perspective of a vertex. For example, a query may desire to
identily edges of a particular vertex that match the query. In
another example, a query may desire to identify an adjacent/
neighbor vertex connected to the subject vertex that matches
the query criteria. Rather than traversing an entire large
graph ol the entire dataset to locate a desired edge and/or
vertex, a separate vertex-centric index for each vertex may
be generated to enable fast vertex-centric query processing.
Additionally, to locate a particular information about an
edge or a neighbor vertex of a subject vertex, the desired
information can be located with a single lookup in the
vertex-centric index rather than traversing every edge/vertex
of the subject vertex. In some embodiments, the vertex-
centric mndex for a subject vertex may index data associated
with at least a desired portion of one or more of the
tollowing: 1dentifiers, labels, properties and/or directionality
of edges connected to the subject vertex and identifiers,
and/or properties of other vertices directly connected to the
subject vertex. For example, the vertex-centric index
includes a table of connected edges and adjacent vertices for
a particular vertex.

In some embodiments, a vertex-centric index 1s specific to
a vertex. Such indices are contrary to a graph index that 1s
global to the entire graph (e.g., indexing elements for fast
global lookups). In some embodiments, the purpose of
vertex-centric mdices 1s to sort and 1ndex the incident edges
(and thus, adjacent vertices) of a vertex according to the
incident edges’ labels and properties. In large graphs, ver-
tices may have thousands of incident edges. Traversing
through those vertices can be very slow because a large
subset of the incident edges has to be retrieved and then
filtered 1n memory to match the conditions of the traversal.
Vertex-centric indices can speed up such traversals by using,
localized 1ndex structures to retrieve only those edges that
need to be traversed. Given a vertex query, these indices may
be leveraged and, 1n doing so, linear scans of incident edges
(O(n)) can be avoided and faster graph traversals ensue
(O(1) or O(log n)).

In the example of graph data of FIG. 1C, suppose that
“hercules” battled hundreds of monsters in addition to the
three captured as shown 1n graph 110 of FIG. 1C. Without
a vertex-centric mndex, a query asking for those monsters
battled between time point “10” and “20” would require
retrieving all “battled” edges even though there are only a
handful of matching edges. Building a vertex-centric index
by time may speed up such traversal queries.
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Using the Titan Graph Database of DataStax of Santa
Clara, Calif., the following code may be utilized to build a
vertex-centric mndex, which indexes “battled” edges 1n both
directions by time in decreasing order:

mgmt=g.getManagementSystem( )

time=mgmt.makePropertyKey(‘time’).data Type(Inte-
ger.class).make( )

battled=mgmt.makeEdgel.abel(*battled”).make( )

mgmt.buildEdgelndex(battled, battlesBy Time’,Direc-
tion.BOTH,Order. DESC, time);

In this example code, a vertex-centric index 1s built
against a particular edge label which 1s the first argument to
the index construction method TitanManagement.build-
Edgelndex( ). The index only applies to edges of this
label—battled 1n the example above. The second argument
1s a unique name for the mdex. The third argument 1s the
edge direction 1n which the index 1s built. The index will
only apply to traversals along edges in this direction. In this
example, the vertex-centric index 1s built in both directions
which means that time restricted traversals along “battled”
edges can be served by this imndex in both the “IN” and
“OUT” directions. Titan will maintain a vertex-centric index
on both the in- and out-vertex of “battled” edges. Alterna-
tively, one could define the index to apply to the “OUT”
direction only which would speed up traversals from “her-
cules” to the monsters but not 1n the reverse direction. This
may only require maintaining one index and hence result in
half the mmdex maintenance and storage cost. The last two
arguments are the sort order of the index and a list of
property keys to mdex by. The sort order 1s optional and
defaults to ascending order (e.g., “Order. ASC”). The list of
property keys must be non-empty and defines the keys by
which to index the edges of the given label. A vertex-centric
index may be defined with multiple keys.

The following example extends the schema by a “rating’
property on “battled” edges and builds a vertex-centric index
which indexes “battled” edges in the out-going direction by
rating and time 1n decreasing order. The order 1n which the
property keys are specified may be of importance because
vertex-centric indices are prefix indices— “battled” edges
are indexed by “rating” first and “time” second.

b

mgmt=g.getManagementSystem( )

time=mgmt.makePropertyKey(‘time’).data Type(Inte-
ger.class).make( )

rating=mgmt.makePropertyKey(‘rating’).dataType
(Decimal.class).make( )

battled=mgmt.makeEdgel.abel(“battled’).make( )

mgmt.builldEdgelndex(battled, battlesByRating And-
Time’,Direction.OUT,Order. DE SC,rating.time);

For the following queries, the “battlesByRatingAnd Time”
index can speed up the first two but not the third query.

h.outE(‘battled’).has(‘rating’,gt(3.0)).1nV( )

h.outE(*battled’).has(‘rating’,5.0).has(‘time’,inside
(10,50))..nV{( )

h.outE(*battled’).has(*time’,inside(10,50))..mV( )

In some embodiments, multiple vertex-centric indices are
built for the same edge label 1n order to support different
constraint traversals. In some embodiments, a graph data-
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base query optimizer attempts to pick the most eflicient
index for any given traversal.

At 304, abstract paths in the graph database are identified.
For example, an abstract path identifies a strength of a
relationship (e.g., likelihood of traversal/following of path in
a query) between at least two vertices to assist 1n determin-
ing whether the vertices connected by the abstract path
should be assigned to the same node. In an example, a strong
relationship (e.g., higher weight value) would indicate that
the vertices of the abstract path should not be separated 1nto
different nodes, 1f possible, and a weak or no relationship
would indicate less importance on keeping the vertices
together. In some embodiments, i1dentifying the abstract
paths includes identifying a measure of likelihood (e.g.,
abstract path weight value) that vertices connected by the
abstracts paths will be accessed together 1n a database query.
By using this measure, vertices that are likely to be accessed
together can be 1dentified and assigned to the same node.

Identification and creation of an abstract path between
two or more vertices does not necessarily mean there 1s an
edge connection between the vertices. For example, an
abstract path between vertices may be established even
though there 1s no direct edge between the vertices because
a shortcut traversal path exists between the vertices. In
another example, an edge connection exists between vertices
but an abstract path has not been established between them
because the edge 1s not likely to be traversed. In some
embodiments, by connecting vertices through abstract paths
that are each weighed according to the likelihood of tra-
versal between the vertices connected by the abstract path in
a database query, a map of relationship strengths between
vertices 15 created and vertices that are likely to be accessed
together can be 1dentified and assigned to the same node
using the map.

However, 1t can be diflicult to determine the exact mea-
sure of likelithood that two vertices will be accessed together
in queries before the queries are performed. Thus 1t becomes
important to determine the best approximation for the mea-
sure of likelithood that two vertices will be accessed together
in future queries.

In some embodiments, identifying the abstract paths
includes 1dentifying one or more templates for the abstract
paths. For example, using a history of previous graph
database queries, patterns 1n common types ol graph tra-
versals required to process the queries are 1dentified. In some
embodiments, a specification of the templates for the
abstract paths 1s received from an administrator. For
example, a database administrator 1s aware of the common
types of graph database traversals and specifies the descrip-
tion and/or the templates as well as associated weights of the
templates. Each template may specily one or more 1denti-
fiers, labels, properties, and/or directionality of vertices
and/or edges to be matched and an associated weight to be
assigned to a matching path. The templates may be applied
to the graph database to identify all paths in the graph
database that match the templates as the abstract paths with
the corresponding weights.

In some embodiments, identifying the abstract paths
includes i1dentifying abstract paths for an existing graph
dataset. In some embodiments, identifying the abstract paths
includes i1dentilying any new abstract paths that would be
created due to adding a new vertex to the database.

FIG. 1D 1s a diagram 1illustrating an example graph 120
showing abstract paths and associated weight values that
have been 1dentified for graph 100 shown in FIG. 1A.

Returming to FIG. 3, at 306, one or more vertices are
assigned to nodes according to identified abstract paths
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between the vertices. In some embodiments, the 1dentified
abstract paths that are utilized to assign vertices are a subset
of all abstract paths that have been identified for the graph
database. For example, only recently i1dentified abstract
paths (e.g., abstract paths identified within a specified time
period) are eligible to be utilized 1n assigning the vertices to
the nodes.

In some embodiments, assigning the vertices includes
deciding to redistribute/reassign the vertices of the database
by dividing the database amongst nodes based on the
identified abstract paths. In some embodiments, 1t was
decided that the database 1s to be divided due to one or more
performance metrics of the database. For example, when 1t
1s detected that a database query processing time of a node
1s above a threshold, the redistribution of the database 1s
initiated to more evenly distribute workload amongst avail-
able nodes. In some embodiments, the database 1s redistrib-
uted amongst nodes periodically. For example, over time,
data access patterns may change and/or vertex assignments
may become immbalanced and the vertices are periodically
redistributed amongst nodes to more equally distribute ver-
tices/workloads.

In some embodiments, the number of nodes to be utilized
1s specified and/or predetermined. For example, one addi-
tional node 1s to be added incrementally. In some embodi-
ments, the number of nodes to be utilized 1s dynamically
determined based on a size of the database and/or a perfor-
mance metric of the database. For example, the number of
nodes to be added 1s calculated to be the number of nodes
required to achieve a desired performance characteristic
and/or distribution. In some embodiments, dividing the
database includes determining an assignment of the vertices
to the nodes such that the sum of weights of abstract paths
spanmng between vertices that are assigned to different
nodes are minmimized. For example, each node 1s to be
assigned a mimimum number/percentage of vertices and/or
up to a maximum number/percentage of vertices and within
these minimum/maximum guidelines, the vertices are
assigned such that the sum of all weights of abstract paths
that span between vertices assigned to different nodes 1s
minimized. Once a vertex 1s assigned to a node, the data of
the vertex (e.g., vertex centric index) 1s stored at a storage
of the node and the vertex 1s to be accessed by the node when
the vertex 1s retrieved, modified, and/or traversed. In some
embodiments, dividing the database includes determining an
assignment ol the vertices to the nodes such that the sum of
weilghts of abstract paths between vertices assigned to the
same node are maximized. In some embodiments, dividing
the database includes determining an assignment of the
vertices to the nodes such that the sum of weights of abstract
paths between vertices assigned to the same node are similar
(e.g., within a range) across all the nodes to be utilized while
minimizing weights ol abstract paths that span between
vertices assigned to different nodes.

In some embodiments, assigning the one or more vertices
includes assigning a new vertex to be added to one of the
nodes based on the abstract paths of the graph database. For
example, when a new vertex i1s to be added, the new vertex
1s to be assigned to the node that will likely result 1n the best
database performance. If the new vertex 1s assigned 1neth-
ciently to the wrong node, 1t may cause performance 1net-
ficiencies arising from database queries associated with the
new vertex that span across multiple nodes instead of being
able to be handled by a single node. In some embodiments,
assigning the new vertex includes assigning the new vertex
to a node such that the sum of weights of abstract paths of
the new vertex that span across different nodes 1s mimmized
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and/or the sum of weights of abstract paths of the new vertex
that span within the same node 1s maximized. For example,
once all the new abstract paths resulting from adding the
new vertex are identified, each node assignment option 1s
iterated until the node assignment that results 1n the smallest
weight sum of abstract paths spanning across nodes 1s
identified. In various embodiments, other factors may be
considered when assigning the new vertex to a node. For
example, the new vertex 1s assigned to a probabilistically
selected node based at least 1n part on abstract paths of the
graph database 1 an attempt to more evenly distribute
vertices across nodes.

FIG. 4 1s a flowchart illustrating an embodiment of a
process for applying an identified abstract path pattern to a
graph database. The process of FIG. 4 may be implemented
on one or more nodes of node cluster 202 and/or node cluster
204. In some embodiments, the process of FIG. 4 1s included

in 304 of FIG. 3.

At 402, database query samples are received. In some
embodiments, the received database queries are example
database queries received via a database administrator. For
example, a list of example queries that would be typical
queries for the graph database has been specified by the
administrator. In another example, previous database queries
from a similar database (e.g., queries received by another
graph database of a similar type) are received. In some
embodiments, the received database queries are previous
database queries of the graph database. For example, pre-
vious queries that have been processed using the graph
database are to be utilized to 1dentily abstract path patterns
tor the graph database. As new queries of the graph database
are processed, new abstract path patterns may be continu-
ally/periodically identified using the new queries. In some
embodiments, the received database query samples to be
utilized to identily abstract path patterns are constrained to
be only recent database queries. For example, only database
queries processed within a specified time period are eligible
to be utilized for processing to i1dentily abstract path pat-
terns.

At 404, based on the received database queries, traversal

patterns are identified. For example, the database queries
have been formed with respect to a specific vertex and/or
edge and 1n order to extract commonalities between database
queries, the underlying traversal patterns of the database
queries are determined. For example, the type and/or prop-
erties of vertices and/or edges queried and/or required to be
traversed to process the database query are extracted without
specific vertex or edge 1dentifiers. By extracting generalized
aspects ol a database query that describe the types of vertex
traversals required to process the query, commonality
between the extracted patterns may be formed as templates
to 1dentity likely future vertex traversals. In some embodi-
ments, each received database query 1s processed to 1dentily
one or more properties of a starting vertex, a target vertex,
an intermediary vertex, and/or edge(s) obtained/traversed to
process the database query in determining a generalized
traversal pattern for each database query.

At 406, common patterns in the traversal patterns are
identified and abstract path patterns are 1dentified based on
the i1dentified common patterns. In some embodiments,
identifying common patterns includes 1dentifying common-
ality 1n any portion of or entire traversal patterns. For
example, given a list of traversal patterns, the patterns are
sorted, organized, split, and/or analyzed to identily aspects
of components of the patterns. In one example, 11 a traversal
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pattern 1dentifies a traversal between several vertices, each
combination of traversal components 1s extracted as a sub
pattern and identified.

In some embodiments, a list of unique patterns and the
number of times each pattern has been detected in the
identified traversal patterns are determined. One or more of
these patterns may be selected to become an abstract path
pattern to be utilized to identify similar paths 1n the graph
database. Fach abstract path pattern may identily one or
more properties, directionality, etc. of one or more vertices
and/or edges that 1dentily its corresponding abstract path. An
abstract path pattern may correspond to a detected traversal
path that was detected as a tull path or a sub path required
to be traversed to process a search query.

At 408, weights are assigned to the identified abstract path
patterns. In some embodiments, the weight values corre-
spond to how common and/or the number of times the
traversal path of the abstract path pattern was detected in the
received database queries. For example, a higher assigned
weight value corresponds to an abstract path pattern that
describes a common traversal path while a lower assigned
weight value corresponds to an abstract path pattern that
describes a less common traversal path.

A 410, the abstract path patterns and their associated
welght values are utilized to identify abstract paths in the
graph database. Identifying the abstract paths includes 1den-
tifying paths between two or more vertices 1n the graph
database that match criteria of any of the abstract path
patterns and the matched paths are identified as abstract
paths and assigned weights corresponding to the weight
value of the matched abstract path pattern.

FIG. 5 1s a flowchart illustrating an embodiment of a
process for adding a new vertex to a graph database. The
process ol FIG. 5 may be implemented on one or more nodes
of node cluster 202 and/or node cluster 204. In some
embodiments, the process of FIG. 5 1s included in 306 of
FIG. 3.

At 502, an identification of a new vertex to be added 1s
received. In some embodiments, the identification specifies
an 1dentifier of the vertex. In some embodiments, the i1den-
tification 1dentifies one or more 1dentifiers, labels, proper-
ties, and/or directionality of vertices and/or edges connected
to the new vertex to be added. In some embodiments, the
identification specifies a vertex-centric index of the new
vertex to be added.

At 504, for each potential node that could be assigned the
new vertex, a total weight value of all abstract paths con-
necting the new vertex to any vertex assigned to the specific
node 1s calculated. For example, any new abstract path
matching the new vertex 1s 1dentified and for each potential
node among a plurality of nodes that the new node can be
assigned to, values of the weights of any new abstract path
connecting the new vertex to another vertex assigned to the
same node are summed. The new abstract paths may be
identified by 1dentifying any new abstract path that matches
one or more abstract path templates (e.g., templates deter-
mined using the process of FIG. 4) due to the inclusion of
the new vertex to the graph database. These new abstract
paths will connect the new vertex to one or more other
vertices and 1f the connected other vertex of a new abstract
path 1s included in the same candidate node, the weight
value of the new abstract path 1s to be summed together to
determine a total weight value of all abstract paths contrib-
uted by the new vertex for being assigned to the candidate
node.

At 506, based on the calculated total weight value calcu-
lated for each candidate node, one of the candidate nodes 1s
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selected as the selected node to be assigned the new vertex.
In some embodiments, selecting the selected node includes
selecting the node that 1s associated with the total weight
value that indicates the strongest relationship with the new
vertex. For example, the candidate node associated with the
largest calculated total weight value 1s selected as the
selected node. In another example, the candidate node
assignment that results 1n the smallest combined calculated
total weight value of other candidate nodes 1s selected as the
selected node.

In some cases, by selecting the node with the strongest
relationship (e.g., highest weight total) every time a new
vertex 1s to be assigned, 1t may cause vertex distribution
between nodes to become uneven as new vertex assignments
gravitate towards the node with the largest number of vertex
assignments.

In some embodiments, a randomization factor i1s intro-
duced 1 selecting the selected node to at least 1 part
probabilistically/randomly select the selected node based on
the calculated total weight values. In some embodiments,
rather than simply selecting the node with the highest weight
value, the selected node 1s randomly selected based on
probabilities and the calculated total weight values for each
candidate node correspond to a probability that the candidate
node will be selected as the selected node. For example, the
total sum of all calculated weight values for all the candidate
nodes 1s determined and utilized as the denominator for the
probability of each candidate node being selected. Thus 1n
this example, the probability of a candidate node being
selected 1s given by the calculated total weight value for the
node divided by this total sum of all calculated weight
values. In some embodiments, a range of numbers 1s divided
into groups corresponding to each different candidate node
and the amount of the range portion corresponding to a
candidate node corresponds to the relative amount of the
calculated total weight value of the candidate node as
compared to the calculated weight values of the other
candidate nodes and the candidate node that corresponds to
a randomly selected value within the range of numbers 1s
selected as the selected node.

In some embodiments, selecting the selected node
includes dynamically determining a dampening factor that
influences a degree/amount of randomness in selecting the
selected node. For example, on one extreme the selected
node 1s deterministically selected based on which candidate
node 1s associated with the best calculated total weight value
while on the other extreme the selected node 1s randomly
selected amongst all of the candidate nodes with all of the
candidate nodes having equal chance of being selected, and
the dampening factor specifies the degree to which the
randomness/probability 1s an influence on the selection of
the selected node. This may be achieved by allowing the
dampening factor to adjust the selection probabilities of the
candidate nodes. For example, a selection probability of a
candidate node 1s the dampening factor multiplied by 1its
probability value (e.g., calculated total weight value of the
node divided by the total sum of all total weight values of all
candidate nodes). This may allow the selection probability
of a node to be dynamically adjusted based on various
factors. In various embodiments, the dampening factor is
dynamically adjusted based on performance metrics of one
or more nodes, the variance 1n vertex assignments between
available nodes, total number of assigned vertices of one or
more nodes, and/or capacity level of one or more nodes.

FIG. 1E 1s a diagram 1illustrating an example of adding a
new vertex. Graph 122 shows a graph that has been distrib-
uted among two nodes. Circle 124 includes vertices assigned
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to a first node and circle 126 includes vertices assigned to a
second node. The abstract path with weight=0.4 spans
between the two nodes. When vertex “x” of graph 122 1s to
be added, 1t needs to be determined ththcr the vertex “x”
should be added to the node of circle 124 or the node cf
circle 126. When vertex “x” 1s added to the graph, two new
abstract paths can be 1dc11t1ﬁcd The first new abstract path
connects vertex “x” to vertex “3” with weight=0.5 and the
second new abstract path connects vertex “x” to vertex “5”
with weight=0.2. In some embodiments, 1t 1s determined to
assign vertex “x” the node of circle 126 because the total
weight of abstract paths between vertex “x” and vertices of
the node 1s the greatest (e.g., 0.5 compared to 0.2). In some
embodiments, it 1s determined to assign vertex “x” the node
of circle 124 because the total weight of abstract paths that
span between vertex “x” and vertices of the node 1s the
lowest (e.g., 0.2 as ccmparcd to 0.5). In some embodiments,
vertex “x” 1s assigned to a node probabilistically and a
chance that vertex “x” will be assigned to the node of circle
124 is O.2/(O.2+O.5)—28.57% and a chance that vertex “x”
will be assigned to the node of circle 126 1s 0.5/
(0.240.5)=71.43%. In some embodiments, vertex “x” 1s
assigned to a node randomly and there 1s an equal chancc
that vertex “x”” will be assigned to the node of circle 124 or

circle 126. Irl some embodiments, vertex “x” 1s assigned to

X 18
the node of circle 124 because the abstract path connecting
vertex “x” to vertex “3” was randomly selected to be
assigned a weight value of zero using at least a portion of the
process of FIG. 6.

Returning to FIG. 5, at 508, the new vertex 1s assigned to
the selected node. In some embodiments, assigning the new
vertex 1ncludes storing data of the new vertex 1n a storage of
the selected node. In some embodiments, the assigning the
selected node includes assigning query processing assocl-
ated with the selected node (e.g., traversal) to be handled by
the selected node.

FIG. 6 1s a flowchart illustrating an embodiment of a
process for determining a weight value of an abstract path to
be used to determine graph partitioning. The process of FIG.
6 may be implemented on one or more nodes of node cluster
202 and/or node cluster 204. In some embodiments, at least
a portion of the process of FIG. 6 may be cxccutcd in the
processes of FIG. 3, 4 or 5 when a weight assigned to an
abstract path 1s to bc retrieved for use. For example, the
welght value assigned to an abstract path may need to be
determined to partition a graph database, sum weight values,
determine lowest weight value, eftc.

At 602, in response to a request to retrieve an assigned
weilght value of an abstract path, the assigned weight value
1s obtained. For example, every abstract path has been
assigned a weight value corresponding to how likely the
path 1s traversed when processing a query and the preas-
signed weight value of the path 1s obtained. However, rather
than return the retrieved assigned weight value, for certain
cases, the weight value 1s randomly altered to introduce a
randomness factor to allow more even distribution of ver-
tices amongst available nodes. For example, 1f the assigned
weight value was utilized, 1t may lead to uneven distribution
of vertices among the available nodes because the node
assignments tend to converge at a single node. By randomly
severing or deemphasizing abstract paths between certain
vertices, vertices may become more evenly distributed
amongst all the eligible nodes.

At 604, a target probability 1s received. In some embodi-
ments, the target probability specifies the probabaility that the
assigned weight value should be adjusted. For example, for

10% of times a weight value 1s requested, the assigned
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weight value 1s to be adjusted before use i1n assigning a
vertex to a node. This probability may be adjusted based on
performance metrics of one or more nodes, the variance in
vertex assignments between available nodes, total number of
assigned vertices of one or more nodes, and/or capacity level
ol one or more nodes.

At 606, based on the target probability, it 1s probabilisti-
cally determined whether to adjust the assigned weight
value. For example, whether to adjust the assigned weight
value 1s probabilistically determined based on the target
probability. In some embodiments, a random value 1s deter-
mined and the random value maps to a probabilistic decision
on whether to adjust the assigned weight value.

IT at 606 1t 1s determined that the assigned weight value 1s
to be adjusted, at 608 the assigned weight value 1s adjusted
and provided as the weight of the abstract path. In some
embodiments, adjusting the weight value includes setting
the weight value to zero (e.g., to indicate abstract path 1s not
to be utilized). In some embodiments, adjusting the weight
value includes multiplying the weight value by an adjust-
ment factor. The adjustment factor may be preset or dynami-
cally determined (dynamic based on performance metrics of
one or more nodes, the variance in vertex assignments
between available nodes, total number of assigned vertices
of one or more nodes, and/or capacity level of one or more
nodes, etc.).

IT at 606 1t 1s determined that the assigned weight value 1s
not to be adjusted, at 610 the assigned weight value 1s
provided as the weight of the abstract path without adjust-
ment.

FIG. 7 1s a flowchart illustrating an embodiment of a
process for splitting a super-vertex. The process of FIG. 7
may be implemented on one or more nodes of node cluster
202 and/or node cluster 204. In some embodiments, data-
base performance may become hindered due to a super-
vertex that 1s connected to a large number of other vertices.
For example, because a single node 1s typically tasked with
processing requests associated with 1ts assigned vertices, the
node may become a bottleneck as traversal of the super-
vertex 1ncreases. By splitting at least a portion of the
super-vertex and assigning a representative portion of the
super-vertex to other nodes, the processing associated with
the super-vertex becomes distributed.

At 702, 1t 1s detected that a super-vertex meets a criteria
to be split/partitioned. In some embodiments, a super-vertex
1s a vertex that 1s eligible to be split. In some embodiments,
a vertex has been designated as a super-vertex. For example,
vertices with certain properties are known to be likely to be
connected to a large number of other vertices and are
indicated by an administrator and/or user to be a super-
vertex. In some embodiments, the super-vertex 1s automati-
cally designated. For example, vertices with one or more
properties that match one or more specified criteria are
automatically designated as super-vertices. In one example,
a vertex that 1s connected to at least a specified minimum
number of other vertices and/or edges 1s automatically
designated as a super-vertex. Many vertices of a graph
database may be designated as a super-vertex.

In some embodiments, super-vertices are monitored to
identify whether any of them are to be split. For example,
super-vertices are periodically analyzed to 1dentily whether
the number of connected vertices and/or edges exceeds a
threshold value. In some embodiments, detecting that the
super-vertex meets the criteria includes detecting that one or
more properties of the super-vertex meets the criteria. For
example, only certain types of edges/connections to certain
vertices are to be split from the super-vertex and 1t 1s

5

10

15

20

25

30

35

40

45

50

55

60

65

14

detected that the super-vertex meets the criteria 1if the
number of the certain types of edges/connections to certain
vertices exceeds a threshold value. The criteria may have
been preconfigured and/or specified by an administrator/
user.

At 704, a portion of the detected super-vertex is parti-
tioned to one or more vertex representatives assigned to one
or more remote nodes. In some embodiments, a super-vertex
1s partitioned 1nto a truncated vertex and one or more vertex
representatives. For example, rather than storing and pro-
cessing the entire super-vertex at a single node, a portion of
data for the super-vertex 1s separated from the main node
storing the super-vertex and stored as one or more vertex
representatives 1n one or more other remote nodes (e.g.,
nodes that are not the main node). By only selectively
splitting a targeted portion of the data (e.g., edge and
connected vertex data based on directionality and/or labels)
of the super-vertex, the relevant portions may be split
without the need to incur overhead penalties of splitting
non-targeted portions. For example, the portion of the super-
vertex (e.g., incoming edges) that 1s split may be edges of the
super-vertex that are directed from other vertices to the
super-vertex while the portion of the super-vertex that 1s not
split and retains the truncated vertex of the main node 1s
edges of the super-vertex that are directed from the super-
vertex to other connected vertices (e.g., outgoing edges).
The portion of the super-vertex that 1s not split 1s stored and
maintained as the truncated vertex by the main node that was
assigned to the super-vertex while the portion that 1s split
away Irom the super-vertex 1s to be separated into vertex
representatives to be stored remotely 1n other remote nodes.
In some embodiments, splitting the portion includes remov-
ing the portion from the storage of the main node assigned
to the super-vertex and storing at least some of the portion
in storage of relevant remote node(s) as a vertex represen-
tative(s). For example, the vertex-centric index of the super-
vertex 1s modified to move data and/or properties of one or
more edges and/or connected vertices to one or more remote
nodes.

Each vertex representative stored at a remote node
includes data i1dentifying at least a portion of connections
(e.g., 1dentifiers, labels, properties, and/or directionality of
edges/vertices, etc.) of the super-vertex such that for at least
some traversals, the super-vertex can be traversed by the
remote node without needing to access the main node of the
super-vertex. However, for other traversals of the super-
vertex not able to be satisfied, the main node or another
remote node may need to be accessed.

Each vertex representative of each different remote node
1s different and stores data of the super-vertex with respect
to 1ts remote node. For example, a vertex representative
includes data of a portion of edges connected to the super-
vertex. These remote node-specific vertex representatives
are stored and maintained by the respective remote nodes.
Thus using the vertex representative, the remote node 1s able
to quickly 1dentify which nodes assigned to the remote node
are connected to the super-vertex without the need to request
the main node of the super-vertex. The properties associated
with these edges and/or connected vertices may also be
stored 1n the vertex representative.

In some embodiments, the truncated vertex tracks which
remote nodes are storing the split portion of the super-
vertex. For example, the truncated vertex includes one or
more 1dentifiers o one or more remote nodes that are storing,
the split portion and 1n the event the main node 1s no longer
storing the split portion that 1s to be accessed to process a
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database request, the main node 1s able to identily the remote
node that 1s storing the split portion to complete the database
request.

In some embodiments, each vertex representative 1s 1den-
tified by an i1dentifier that identifies that 1t 1s a vertex
representative of the vertex data stored at the main node. For
example, using an 1dentifier (e.g., root address) of the
super-vertex, each remote node 1s able to 1dentily any vertex
representative stored and managed by the remote vertex. The
main node assigned to the truncated vertex 1s still the main
authority of the data and processing associated with the
super-vertex. However, the vertex representatives assigned
to remote vertices are tasked with maintaining and process-
ing database requests associated with data of its vertex
representative of the super-vertex. For example, a database
request to 1dentity all vertices connected with edges directed
from the super-vertex to other vertices 1s processed by the
main node that 1s assigned to the truncated vertex while a
database request to obtain an edge directed from a specific
vertex to the super-vertex 1s to be processed by a remote
node assigned to the vertex representative storing the rel-
evant data. Thus the query routing is made eflicient by
having the vertex representatives store the edge data con-
necting to those vertices that are stored on the same node as
the vertex representative.

In some embodiments, at least a portion of data of the
super-vertex 1s duplicated between the truncated vertex and
one or more vertex representatives. For example, one or
more select identifiers, labels, and/or properties of the super-
vertex may be stored and maintained at both the truncated
vertex and one or more vertex representatives. In some
embodiments, when a vertex connected to the super-vertex
1s added or removed from a node assigned to a vertex
representative of the super-vertex, the vertex representative
1s automatically updated to reflect the change.

FIG. 8 1s a flowchart illustrating an embodiment of a
process for processing a query associated with a super-
vertex at a node of the super-vertex. The process of FIG. 8
may be implemented on one or more nodes of node cluster
202 and/or node cluster 204.

At 802, a database query associated with a super-vertex 1s
received. The database query 1s associated with the super-
vertex and requires data of the super-vertex to process the
database query. In some embodiments, the database query 1s
received at a main node of the super-vertex that has been
partitioned and the main node i1s assigned to manage a
truncated vertex data of the super-vertex using at least a
portion of the process of FIG. 7. In some embodiments, the
database query 1s received at a remote node that has been
assigned to a vertex representative of the super-vertex.

At 804, nodes required to process the database query are
identified. In some embodiments, it 1s determined whether
the database query can be processed at a current node or
requires processing by other nodes. For example, the query
1s received at a main node of the super-vertex and it 1s
determined whether the database query can be processed
using only data included 1n a truncated vertex data stored at
the storage of the main node or the database query requires
vertex representative data assigned to one or more remote
nodes. In one example, a database query that requires
traversal of all edges connected to the super-vertex is
identified as requiring vertex representative data of the
super-vertex. In another example, a database query that only
requires data stored in the truncated vertex data can be
processed by the main node of the super-vertex without the
remote nodes.
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Belore partitioning data of the super-vertex to remote
nodes, a database query that requires traversal of all edges
of the super-vertex would typically be handled by the main
node assigned to the super-vertex. However, by partitioning
the data of the super-vertex to vertex representatives, the
processing required to traverse/process all of the vertices
connected to the super-vertex can be divided amongst the
various nodes assigned to diflerent portions of the super-
vertex. For example, each remote node assigned to each of
the vertex representatives 1s mstructed to traverse/process its
portion and provide 1ts result back to the main vertex. The
main vertex may then combine/process the various results
from remote nodes and return an overall result of the
database query. In some embodiments 1n order to provide
additional fault tolerance and parallelization, rather than
requiring the results to be provided back to the main vertex,
any node 1n the cluster may receive and aggregate the results
from all the nodes that store vertex representatives.

In some embodiments, the query 1s a query received at a
remote node of the super-vertex and determining the
required processing includes determining whether the query
that requires data of the super-vertex can be handled by the
remote node using a local vertex representative rather than
requesting processing to the main node of the super-vertex.
For example, the received query 1s a query to 1dentify a list
of vertices that are connected to both a specific vertex
assigned to the remote node and a super-vertex assigned to
a different main node. Without using a vertex representative,
processing this query would require traversal of all con-
nected vertices of the super-vertex as well as all connected
vertices ol the specific vertex to 1dentily common vertices
between them. Requesting traversals of all of the connected
vertices of the super-vertex to 1ts main node may require a
large amount of resources of the main node. However, 11 the
remote node has been assigned a vertex representative of the
super-vertex, the vertex representative may already include
an 1nverse list (e.g., partial vertex-centric index of the
super-vertex) of all vertices of the remote node connected to
the super-vertex and this list can be compared with the list
of connected vertices of the local vertex to determine a result
of the query without needing to access the main node of the
super-vertex.

At 806, the identified nodes are instructed to perform
processing. For example, in the event 1t 1s determined that
only the local node 1s required to handle the query, the local
node performs processing of the query and in the event it 1s
determined that processing by other nodes 1s required, the
other nodes are instructed to perform their respective pro-
cessing. In some embodiments, instructing the nodes
includes coordinating processing between the nodes. For
example, various different processing instructions are pro-
vided to appropriate nodes in the appropriate order (e.g.,
based on processing order and data dependency).

At 808, a result of the database query 1s returned. In some
embodiments, returming the result includes combining and/
or processing results received from one or more nodes to
determine a final result to be returned as a result to the
database query. In some cases, by dividing required pro-
cessing of the query amongst a plurality of different nodes
and then combining the results, more eflicient processing 1s
achieved due to distributed processing. In some embodi-
ments, by allowing data of the super-vertex to be obtained/
traversed from a local vertex representative rather than from
a main node assigned to the super-vertex, more eflicient
query processing has been achieved.

Although the foregoing embodiments have been
described 1n some detail for purposes of clarity of under-
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standing, the invention 1s not limited to the details provided.
There are many alternative ways of implementing the inven-
tion. The disclosed embodiments are illustrative and not
restrictive.

What 1s claimed 1s:

1. A system for partitioning a graph database, comprising:

a processor; and

a memory coupled with the processor, wherein the
memory 1s configured to provide the processor with
instructions which when executed cause the processor
to:

assign to a plurality of nodes a plurality of vertices of

a graph database, wherein the vertices of the graph
database are connected by edges that indicate rela-
tionships between the vertices; and

designate a vertex of the graph database as a super-

vertex that 1s split into a truncated vertex and at least
one vertex representative, wherein the designating of
the vertex of the graph database as the super-vertex
that 1s split 1into the truncated vertex and the at least
one vertex representative comprises to:
determine whether the super-vertex i1s connected to
at least a threshold number of other vertices; and
in response to a determination that the super-vertex
1s connected to at least the threshold number of
other vertices:
split a first portion of the super-vertex correspond-
ing to edges of the super-vertex that are directed
from other vertices to the super-vertex, wherein
the first portion 1s 1dentified by the at least one
vertex representative; and
retain a second portion of the super-vertex corre-
sponding to edges of the super-vertex that are
directed from the super-vertex to other con-
nected vertices, wherein the second portion 1s
identified by the truncated vertex.

2. The system of claim 1, wherein the truncated vertex 1s
assigned to a main node and the at least one vertex repre-
sentative 1s assigned to a different node.

3. The system of claim 2, wherein a database query
associated with the super-vertex received at the different
node 1s handled by the diflerent node using its assigned
vertex representative without processing by the main node.

4. The system of claim 1, wherein the truncated vertex 1s
stored at a storage of a main node and the at least one vertex
representative 1s stored at a storage of a diflerent node.

5. The system of claim 1, wherein each vertex represen-
tative 1dentifies one or more edges of the super-vertex that
are not i1dentified by the truncated vertex.

6. The system of claim 1, wherein the vertex was desig-
nated as the super-vertex based on an indication from an
administrator.

7. The system of claim 1, wherein designating the vertex
of the graph database as the super-vertex includes automati-
cally detecting that the vertex meets a criteria to be desig-
nated as the super-vertex.

8. The system of claim 1, wherein only edges of the
super-vertex that match a criteria are eligible to be split to
the at least one vertex representative from the truncated
vertex.

9. The system of claim 8, wherein the criteria specifies an
edge directionality or edge label.

10. The system of claim 1, wherein the at least one vertex
representative specifies a vertex-centric index including
identifiers, labels, properties, or directionality of edges of
the super-vertex.
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11. The system of claim 1, wherein the at least one vertex
representative assigned to an assigned node includes an
index listing any other vertices assigned to the assigned node
that are also connected to the super-vertex.

12. The system of claam 1, wherein 1n the event a
connected vertex connected to the super-vertex and assigned
to an assigned node that has also been assigned at least one
vertex representative 1s removed from the assigned node, the
at least one vertex representative 1s automatically modified
to reflect the removal of the connected vertex.

13. The system of claim 1, wherein the super-vertex 1s
split into the truncated vertex and a plurality of vertex
representatives.

14. The system of claim 13, wherein each of the plurality
ol vertex representatives identifies a set of edges that are
different from other vertex representatives.

15. The system of claim 13, wherein to process a database
query of the graph database associated with the super-vertex,
cach of a plurality of nodes assigned to each of the plurality
ol vertex representatives 1s instructed to perform processing
with respect to 1ts assigned vertex representative and results
from the plurality of nodes are combined to determine a
response to the database query.

16. The system of claim 1, wherein the super-vertex 1s one
of a plurality of super-vertices of the graph database.

17. A method for partitioning a graph database, compris-
ng:

assigning to a plurality of nodes a plurality of vertices of

a graph database, wherein the vertices of the graph
database are connected by edges that indicate relation-
ships between the vertices; and

designating, using a processor, a vertex of the graph

database as a super-vertex that 1s split into a truncated
vertex and at least one vertex representative, wherein
the designating of the vertex of the graph database as
the super-vertex that i1s split into the truncated vertex
and the at least one vertex representative comprises:
determining whether the super-vertex 1s connected to at
least a threshold number of other vertices; and
in response to a determination that the super-vertex 1s
connected to at least the threshold number of other
vertices:
splitting a first portion of the super-vertex corre-
sponding to edges of the super-vertex that are
directed from other vertices to the super-vertex,
wherein the first portion 1s 1dentified by the at least
one vertex representative; and
retaiming a second portion of the super-vertex cor-
responding to edges of the super-vertex that are
directed from the super-vertex to other connected
vertices, wherein the second portion 1s 1dentified
by the truncated vertex.

18. A computer program product for partitioning a graph
database, the computer program product being embodied 1n
a non-transitory computer readable storage medium and
comprising computer instructions for:

assigning to a plurality of nodes a plurality of vertices of

a graph database, wherein the vertices of the graph
database are connected by edges that indicate relation-
ships between the vertices; and

designating a vertex of the graph database as a super-

vertex that 1s split into a truncated vertex and at least
one vertex representative, wherein the designating of
the vertex of the graph database as the super-vertex that
1s split into the truncated vertex and the at least one
vertex representative comprises:
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determining whether the super-vertex 1s connected to at

least a threshold number of other vertices; and

splitting a first portion of the super-vertex corre-
sponding to edges of the super-vertex that are
directed from other vertices to the super-vertex, 5
wherein the first portion 1s 1dentified by the at least
one vertex representative; and

retaining a second portion of the super-vertex cor-
responding to edges of the super-vertex that are
directed from the super-vertex to other connected 10

vertices, wherein the second portion is 1dentified
by the truncated vertex.
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